Production of toxic oxygen metabolites provides a mechanism for microbicidal activity of the neutrophil. The NADPH oxidase enzyme system initiates the production of oxygen metabolites by reducing oxygen to form superoxide anion (O 2 . 
Neutrophils provide the first line of defense against microorganisms (1). In response to infection, they adhere to endothelial surfaces at the site of inflammation, move across the endothelial barrier, and migrate to the site of microbial invasion. Properly opsonized microorganisms are ingested by neutrophils. During phagocytosis, there is activation of the respiratory burst and fusion of specific and azurophilic granules releasing both toxic oxygen metabolites and granule contents into the developing phagolysosome. The microbe is destroyed by a variety of oxygen-dependent and -independent mechanisms.
Production of oxygen metabolites is critical to the function of the neutrophil. The respiratory burst is initiated by the NADPH oxidase, an enzyme system with several components (2) . In the unstimulated cell, the oxidase is dormant with components occupying different compartments within the neutrophil. Membrane-bound constituents of cytochrome b 558 , the gp91 phox and p22 phox , reside in the plasma membrane and membrane of the specific granules (3) (4) (5) (6) (7) . The remaining components, p47
phox , p67 phox , Rac2, and p40 phox , are found in the cytosol. Upon stimulation of the neutrophil, cytosolic components translocate to the plasma membrane resulting in assembly of the oxidase complex and expression of enzyme activity (3) (4) (5) (6) . Oxidation of NADPH is coupled with reduction of oxygen to generate superoxide anion (O 2 . ). 1 The importance of the oxidase in neutrophil function and defense of the host is demonstrated by chronic granulomatous disease (1, 2) . In this disorder, abnormalities in gp91 phox , p22 phox , p47 phox , or p67 phox result in failure to assemble an active complex, deficient production of O 2 . , diminished bactericidal activity, and a predisposition to severe, life threatening bacterial and fungal infections. Recently, a mutation in Rac2 has been reported with deficient O 2 . production in response to specific stimuli and decreased bactericidal activity (8) .
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has been demonstrated by a variety of studies with intact neutrophils and cell-free systems activated by anionic detergents (9 -11) . Cytochrome b 558 , with its heme, NADPH, and flavin binding sites, acts as the engine for transfer of electrons from NADPH to oxygen (12, 13) . The p47 phox binds the p22 phox component and p67 phox interacts with gp91 phox allowing optimal electron transfer (14, 15) . In the cytosol, p47
phox interacts with p67 phox and is required for translocation of p67 phox (16) . Discovered by its binding to p67 phox , the p40 phox also translocates to the plasma membrane. However, the exact role of the p40 phox is not known, and it is not necessary for O 2 . production in cell-free systems (17, 18) . In this study, we describe a new oxidase-associated protein. This 29-kDa protein was first detected in immunoprecipitation studies suggesting an interaction with p67 phox in cytosol. Binding of the p29 protein to p67 phox was confirmed with a yeast two-hybrid system. Expression of human recombinant protein (rh-p29) in Sf9 cells and purification of the protein demonstrated PLA 2 activity similar to an identical protein isolated from rat lung (19) . The rh-p29 also had peroxidase activity and sequence homology classifying it as a peroxiredoxin. Finally, in the SDS cell-free system of oxidase activation, rh-p29 enhanced O 2 consumption and O 2 . production suggesting that it may play a critical role in regulating toxic oxygen metabolites and, perhaps, protecting the oxidase complex from oxidative damage. phox , constitutively active Rac1, RacQ61L, and an anti-p67 phox goat polyclonal IgG were prepared as previously described (8, 20, 21) . Amino acids and cofactors used in yeast two-hybrid minimal medium were purchased from Sigma. pEG202, pJG4-5, pSH18-34, and Saccharomyces cerevisiae EGY48 were gifts of Erica Golemis and Roger Brent (Fox Chase Cancer Center, Fox Chase, PA, and Massachusetts General Hospital, Boston, MA). Polyclonal rabbit anti-p40 phox IgG serum was kindly provided by Professor A. Segal (17) and polyclonal rabbit antiserum, B1, was provided by Dr. Robert Clark (6) . Arachidonyltrifluoromethyl ketone was obtained from Calbiochem (La Jolla, CA) and MJ33 was a kind gift from Dr. Chandra Dodia (Department of Chemistry and Biochemistry, Newark, DE).
EXPERIMENTAL PROCEDURES

Materials-Bovine
Isolation of Neutrophils and Preparation of Subcellular FractionsHeparinized (1 units/ml) peripheral blood was obtained from healthy adult volunteers with consent approved by the COMIRB at the University of Colorado Health Sciences Center. Neutrophils were isolated by standard techniques of dextran sedimentation, Ficoll-hypaque density gradient centrifugation, and hypotonic lysis of red blood cells (20) . Subcellular fractions of neutrophils were isolated by sucrose density centrifugation after disruption of the cells with nitrogen cavitation in the presence of diisopropyl fluorophosphate (1 mM), leupeptin (1 g/ml), and phenylmethylsulfonyl fluoride (0.2 mM) as previously described (20) . Cytosol and plasma membrane fractions frozen immediately after preparation at Ϫ70°C were used in subsequent studies.
Antibody Purification, Immunoprecipitation, and Western BlottingIgG was immunopurified from goat p67 phox antiserum by column chromatography using Immunopure-immobilized protein G on 6% beaded agarose and an Immunopure (G) IgG purification kit. This yielded high concentrations of purified IgG as determined by Coomassie staining of the preparations after SDS-PAGE. The polyclonal antibody was resuspended in phosphate-buffered saline (4 mM NaH 2 PO 4 ⅐H 2 O, 16 mM Na 2 HPO 4 , 0.154 M NaCl, pH 7.4) and stored at Ϫ70°C until needed. This antibody was bound to agarose beads as follows. Purified antip67
phox IgG, at a concentration of 5 mg/ml in phosphate-buffered saline, was mixed with immobilized protein G on 6% beaded agarose in binding buffer for 1 h at room temperature. The suspension was centrifuged at 3000 ϫ g for 5 min and the supernatant was removed. After washing twice with 0.2 M sodium borate (pH 9.0), the beads were then resuspended in 0.2 M sodium borate (pH 9.0) with 20 mM dimethyl pimelimidate and allowed to mix for 30 min at room temperature. The preparation was then spun at 3000 ϫ g for 5 min, and the beads were resuspended in phosphate-buffered saline and used immediately.
For Western blotting, cytosol, cytosol fractions, purified proteins, or recombinant proteins were separated on 10% SDS-PAGE, transferred to nitrocellulose, and probed with antibodies to p67 phox , p47 phox , and p40
phox ; antiserum to a peptide containing the first 15 amino acids of the p29 (described below); antibody to the 5-kDa recognition (Xpress) sequence expressed by the recombinant p29; or the original rabbit antiserum (B1) to p47 phox and p67 phox as previously described (6) . Analysis was completed with appropriate horseradish peroxidase-labeled secondary antibody, o-phenylaminediamine as a substrate, and an enhanced chemiluminescence detection system (Amersham Biosciences) as described (20) .
Identification of p29 Protein, Determination of the N-terminal Peptide Sequence, and Production of an Antibody to the N-terminal PeptideCytosol from unstimulated neutrophils was prepared as noted above at a concentration of 2 ϫ 10 8 cell equivalents/ml. To 2 ml of cytosol, which had been precleared by incubation with protein G-agarose beads, was added anti-p67 phox -coated beads (2 ml) prepared as described above. After incubation for 1 h at room temperature, the beads were washed, resuspended to the original volume in SDS sample buffer, and heated at 56°C for 1 h. Proteins were separated on 10% SDS-PAGE, blotted to nitrocellulose, and stained with Coomassie stain. The band of interest at 29 kDa was removed, nitrocellulose destained, and N-terminal sequencing, based on Edman chemistry, was performed directly from the membrane using a PROCISE protein sequencer (ABI 492, Applied Biosystems) (22) . The results provided a 17-amino acid sequence from the N-terminal portion of p29. This procedure was repeated a second time with identical results. The eluate from the immunoaffinity column was analyzed with two-dimensional gel electrophoresis, SDS-PAGE in one dimension and isoelectric focusing in the second. Only one protein spot was identified in the molecular weight range of 28,000 -30,000 (data not shown). The sequence was identical to that of an open reading frame protein obtained from a leukemia cell line (23) and a protein with PLA 2 activity subsequently purified from rat lung (19) .
A 15-amino acid peptide with the identical sequence was synthesized by 9-fluorenylmethoxycarbonyl chemistry in a peptide synthesizer (Macromolecular Resources, Ft. Collins, CO) and used to raise an antibody in rabbits. The preimmune serum showed no reactivity with the peptide on Western blot analysis, whereas the immune serum exhibited reactivity to both the peptide and the 29-kDa protein in cytosol (data not shown).
Preparation of p29 cDNA, Cloning, and Protein Expression-Total cellular RNA was extracted from neutrophils by the guanidine isothiocyanate method with a single step acid extraction procedure (8, 24) . Reverse transcriptase-PCR was performed with a PerkinElmer DNA Thermal cycler 480 (PerkinElmer Life Sciences) using the following oligonucleotide probes: sense 5Ј-CATCACCGTCGCCATG, and antisense 5Ј-CACAGCACCAACTTCTC. The reverse transcription reaction included 1 g of RNA, 5 mM MgCl 2 , 1 mM each dNTPs, 1 unit/l of RNase inhibitor, 2.5 unit/l of reverse transcriptase, and 2.5 M oligo(dT) 16 (PerkinElmer Life Sciences). The mixture was incubated at room temperature for 10 min. The reverse transcriptase reaction was completed as follows: 42°C, 15 min; 99°C, 5 min; 5°C, 5 min. The PCR reaction was followed using 2 mM MgCl 2 and 2.5 units/100 l of AmpliTaq DNA polymerase. After 95°C for 2 min the amplification was followed by 95°C, 45 s; 59°C, 45 s; 1 min at 72°C for 28 cycles.
A PCR fragment of 720 bp was amplified and visualized in a 1.5% agarose gel. Six l of PCR reaction mixture was ligated with 2.5 ng/l of PCR 2.1 vector using 4 units of T4 DNA ligase (Invitrogen) at 14°C overnight into the EcoRI site. From the ligation reaction 2 l were used for transformation into TOPO-competent cells.
Clones were amplified and screened with restriction digests for correct orientation of the 720-bp insert. cDNA was sequenced in each of the clones to check for orientation and was identical to the open reading frame protein (23) . The cDNA was subcloned into the EcoRI site of the baculovirus expression vector pBlueBacHis for infection and protein production in Sf9 insect cell (25) and into the yeast pEG202 vector for use in the yeast two-hybrid experiments (21) .
Expression and Purification of Recombinant p29 -Sf9 insect cells were grown at 27°C as previously described (25) . Cells were maintained in suspension cultures at a density of 1 ϫ 10 6 cells/ml and infected with recombinant viruses at an multiplicity of infection of 2.0 for 1 h and then incubated for another 48 h (25) . Sf9 cells expressing rh-p29 were suspended in phosphate-buffered saline at a concentration of 2.5 ϫ 10 7 cells/ml with leupeptin (500 ng/ml), aprotinin (500 ng/ml), and phenylmethylsulfonyl fluoride (10 g/ml). After seven freeze (ethanol, dry ice) and thaw (37°C) cycles, the cell lysate was passed through an 18-gauge needle and centrifuged at 10,000 ϫ g for 10 min. The resultant supernatant was applied to a nickel affinity gel (ProBond, Invitrogen) and incubated for 2 h at 4°C on a rotator. The beads were washed with aliquots of binding buffer (0.5 M NaCl, 20 mM sodium phosphate, pH 7.8), and then wash buffer (0.5 M NaCl, 20 mM sodium phosphate, pH 6.0). After each step, the supernatant was removed and the gel was retained for the next step. With completion of washing, the resin was packed into a small column. The recombinant protein was eluted from the column with stepwise additions (1 bed volume) of wash buffer with 50 and 500 mM imidazole. Samples from various fractions were analyzed by separation of proteins on SDS-PAGE and identification of the recombinant protein by Western blot with the various antibodies noted above. The recombinant protein eluted at 500 mM imidazole. Fractions were dialyzed against 50 mM Tris-HCl with 2 mM EDTA (pH 8.0) and stored at Ϫ70°C until used. In specific experiments, recombinant p29 and catalase were denatured by boiling for 2 h or treatment with trichloroacetic acid.
Yeast Two-hybrid Analysis-Full-length cDNA for p29 was cloned into pEG202 at the C terminus of the LexA DNA binding domain and p47
phox and p67 phox into pJG4-5 at the C terminus of the B42 transcriptional activation domain as described (21) . EGY48 were transformed with plasmids using lithium acetate (26) . Transformants were tested for two-hybrid interactions between fusion proteins by ␤-galactosidase activity as described (26) . Correct expression of p29/LexA binding domain, p47 phox /B42 activation domain, and p67
phox /B42 activation domain fusion proteins was verified by immunoblotting yeast cell extracts with appropriate antisera (data not shown).
Assay of Phospholipase A 2 Activity-PLA 2 activity was measured in a continuous fluorimetric assay using the self-quenching properties of NBD PC and NBD PE (27) . Hydrolysis of the NBD phospholipids at the sn-2 position leads to an increase in fluorescence that can be used to determine the initial rate of hydrolysis of the substrate and consequently the PLA 2 activity (27) . NBD PC or NBD PE (final concentration of 3.5 mM) in a 2-ml reaction volume containing buffer (250 mM Tris, pH 7.4 or 4.0) with or without 2.0 mM calcium chloride was incubated in a PerkinElmer LS-5B fluorimeter, equipped with a thermostat and stirring device. Under these conditions, a low fluorescence was recorded (F min ) because of the self-quenching properties of the NBD PC or PE. Addition of 30 l of 0.1 IU/ml of bee venom PLA 2 lead to rapid hydrolysis of all NBD PE or NBD PC and an increase in fluorescence to a maximal value (F max ). The difference in fluorescence (F max Ϫ F min ) was linearly related to the concentration of NBD PC or PE in the buffer and was kept constant in all assays. The initial rate of hydrolysis was linearly related to the amount of bee venom PLA 2 added (not shown), confirming reported results (27) . To determine the PLA 2 activity of our protein, various concentrations of rh-p29 in 50 l of buffer were added to the substrate mixture and the fluorescence was recorded continuously for 10 min.
Assays for Peroxiredoxin Activity-Peroxiredoxin activity was measured in two ways. In the first, the activity was determined as protection of glutamine synthetase activity from inactivation by a H 2 O 2 generating system containing ferric chloride and DTT as previously described (28) . Varying amounts of rh-p29, catalase, or heat-inactivated proteins were added to a reaction mixture (50 l) containing 5 M FeCl 3 ⅐6H 2 O, 20 mM DTT, and 0.5 g of glutamine synthetase in 0.05 M Hepes (pH 7.0). After incubation for 10 min at 37°C, 100 l of a solution containing 0.4 mM ADP, 0.4 mM MnCl 2 , 10 mM potassium arsenate, 20 mM hydroxylamine, and 100 mM glutamine was added to the initial reaction and incubated for 10 min at 37°C. The reaction was stopped by addition of 50 l of a solution containing 55 mg of FeCl 3 ⅐6H 2 O, 20 mg of trichloroacetic acid, and 21 l of HCl/ml. After centrifugation for 30 s at 10,000 ϫ g, 150 l of supernatant was added to wells of a microtiter plate and optical density at 550 nm was determined. Protection afforded by rh-p29, catalase, or denatured proteins was determined by the following equation.
% Protection ϭ 100 ϫ ͑activity GS ϩ Fe/DTT ϩ protectant͒ Ϫ ͑activity GS ϩ Fe/DTT͒ ͑Activity GS͒ Ϫ ͑activity GS ϩ Fe/DTT͒ (Eq. 1)
In the second method, the removal of H 2 O 2 was directly measured (29) . In this assay, contaminating iron was removed from water and Hepes buffer with Chelex chromatography (30) 
in a volume of 100 l were incubated for 10 min at 37°C. Then, 20 l of 1 N HCl, 20 l of 10 mM Fe(NH 4 )SO 4 , and 10 l of 2.5 M potassium thiocyanate were added. The mixture was centrifuged at 10,000 ϫ g for 30 s and 100 l of the supernatant was added to wells of a microtiter plate and the optical density was measured in an enzymelinked immunosorbent assay reader at 450 nm. . by a cell-free NADPH oxidase system was performed as previously described (8) .
. was determined as superoxide dismutase inhibitable cytochrome c reduction in microtiter plates using an enzyme-linked immunosorbent assay reader at 550 nm. O 2 . production was calculated as previously described (8) . O 2 consumption was determined using a Clark polarographic oxygen electrode (YSI Co., Yellow Springs, OH).
The reactants of the cell-free oxidase system described above were added to a closed reaction vessel (300 l). Activity was initiated with addition of NADPH, the rate of O 2 consumption was measured over 10 min, and the results expressed as nanomole/min as previously described (5, 31).
Statistical Methods-Statistical evaluation of results was completed using Student's t test or paired t test.
RESULTS
Detection and Identification of the p29
Protein-During initial studies designed to quantitate phox components in cytosol using a sandwich enzyme-linked immunosorbent assay technique with a polyclonal antibody to capture p67 phox and a monoclonal antibody to detect it, we were unable to completely recover recombinant p67 phox added to cytosol (32) . These results were repeated with cytosol from p47 phox -and p67 phoxdeficient patients as well as cytosol made deficient of p40 phox by immunoprecipitation and suggested the presence of inhibitory factor(s) distinct from known phox proteins that prevented binding to the detecting (monoclonal) antibody. To further explore this possibility, immunoprecipitation of p67 phox was completed with goat polyclonal anti-p67 phox conjugated to protein G-coated agarose beads incubated with normal cytosol. The proteins removed by the beads were solubilized with SDS digestion buffer, and the proteins coprecipitating with p67 phox were separated by SDS-PAGE. A representative experiment of five separate immunoprecipitations completed is shown in Fig.  1 . Several proteins with molecular weights of 29,000 -100,000 coimmunoprecipitated with p67 phox and were detected on silver stain of the gels. One protein with a mass of 29 kDa was consistently identified. This protein had an identical molecular weight to a protein originally detected by B1 antiserum that was made by immunizing a rabbit against a partially purified cytosol oxidase complex containing p67 phox , p47 phox , and other proteins (6) . The protein band at 29 kDa did not bind antibodies to p67 phox , p40 phox , or p47 phox by Western blot analysis (data not shown).
Proteins that coimmunoprecipitated with p67 phox from neutrophil cytosol were separated by SDS-PAGE and immobilized on nitrocellulose. The protein band at 29 kDa was identified with Coomassie stain and excised from the blot, and N-terminal amino acid sequencing was completed (22) . The 17-amino acid microsequence (LLLTPGDVAPNFEANTT) was repeated on two occasions.
Gene Cloning Studies-The N-terminal sequence identified above exhibited homology to an open reading frame gene described initially in a myeloid leukemia cell line (23) and to a protein subsequently isolated from rat lung with PLA 2 activity (19) . A 710-base pair cDNA was amplified from neutrophil RNA using primers to the 3Ј and 5Ј ends of the published sequence. The cDNA sequence was identical to the previously described open reading frame gene (23) . The predicted amino acid sequence defines a protein of 231 amino acids with an approximate mass of 24 kDa. Full-length cDNA was subsequently cloned into baculovirus vector, pBlueBacHis (Invitrogen), for protein expression and into pEG 202 vector for yeast twohybrid experiments.
Studies in the Yeast Two-hybrid System-We used the yeast two-hybrid system to confirm the interaction between p67 phox and p29 established by the immunoprecipitation studies (21, 26) . In this system, the p29 cDNA was ligated 3Ј to the LexA binding domain and p67
phox cDNA was ligated to B42, the activation domain sequence. Results of the experiment are illustrated in Fig. 2 . Interaction between the two fusion proteins was detected by transcription of a LacZ reporter and subsequent ␤-galactosidase activity (Fig. 2) . Expression of p29-LexA binding domain with B42 activation domain or p67 phox -B42 activation domain with the LexA binding domain (data not shown) resulted in no ␤-galactosidase activity. No ␤-galactosidase activity was seen when yeast was co-transfected with p29-LexA and p47-B42 cDNA (data not shown). Thus, binding between p67
phox and p29 was confirmed by an approach separate from the immunoprecipitation techniques described above.
Expression and Purification of p29 -Sf9 insect cells were transfected with the baculovirus vector, pBlueBacHis with cDNA for p29 cloned as described under "Experimental Procedures." In addition to the full-length p29 amino acid sequence, rh-p29 contained a 5-kDa recognition sequence with a polyhistidine sequence that allowed for purification from Sf9 cell lysates with affinity chromatography. The purified recombinant protein exhibited a single band on SDS-PAGE (Fig. 3A) . Rh-p29 had a molecular weight of ϳ34,000 accounted for by the additional polyhistidine affinity peptide that was added. In Western blot analysis, rh-p29 interacted with antibody to the 5-kDa polyhistidine affinity sequence (Xpress sequence), the antiserum produced against the original N-terminal peptide of the p29 protein, and the original rabbit B1 antiserum. For comparison, the p29 N-terminal peptide antibody and B1 antiserum recognized a 29-kDa protein band in neutrophil cytosol by immunoblotting (Fig. 3B) .
Phospholipase A 2 Activity-PLA 2 activity for p29 was determined using a fluormetric assay in which hydrolysis of NBD phospholipids at the sn-2 position results in increased fluorescence (27) . Fig. 4A shows the calcium-independent hydrolysis of NBD PC by rh-p29 as change in fluorescence over time. The phospholipase activity was significantly higher at pH 4.0 compared with pH 8.0. Virtually identical activity was seen in the presence of 2 mM calcium (data not shown). The phospholipase activity was eliminated when the rh-p29 was denatured. Fig.  4B demonstrates PLA 2 activity by rh-p29 using PE and PC as substrates. Hydrolysis of NBD PC progressed at a faster rate than PE at pH 4.0 and in the absence of calcium. These data indicate that rh-p29 induces calcium-independent hydrolysis of PC and PE at the sn-2 position with a preference for PC and increased activity at low pH. These results are similar to a published report by Kim et al. (19) for a protein with identical sequence isolated from rat lung.
Peroxiredoxin Activity of rh-p29 -Comparison of the nucleotide and amino acid sequences of rh-p29 with published sequences demonstrated significant sequence homology to thioredoxin peroxidases and a subset of these enzyme peroxiredoxins found in a variety of organisms including yeast (33) . Thioredoxin peroxidases contain two cysteine residues and reduce H 2 O 2 with electrons provided by thioredoxin (34 -36) . Homologues of thioredoxin peroxidases, peroxiredoxins, contain only one conserved cysteine and reduce H 2 O 2 by electrons provided by DTT (33) . With only one cysteine, rh-p29 can be categorized as a peroxiredoxin. We used two assays to investigate the peroxidase activity by rh-p29. In the first, we evaluated protection of glutamine synthetase activity by rh-p29. In the presence of DTT, FeCl 3 catalyzes the formation of H 2 O 2 that destroys the activity of glutamine synthetase (Fig. 5A ). Thioredoxin and peroxiredoxin enzymes protect glutamine synthetase by eliminating H 2 O 2 (33) (34) (35) . Addition of rh-p29 provided concentration-dependent inhibition of damage to glutamine synthetase with the optimum effect at 0.30 M. Catalase, which also inactivates H 2 O 2 , similarly protected glutamine synthetase activity. Denatured rh-p29 and catalase did not significantly protect glutamine synthetase activity.
To explore whether the protective effect of rh-p29 was related to inactivation of H 2 O 2 , we used an additional assay that measured H 2 O 2 directly. In the presence of DTT, H 2 O 2 concentrations decreased with addition of rh-p29 (Fig. 5B) . The effect was concentration-dependent with optimum reduction in H 2 O 2 seen between 0.30 and 0.58 M rh-p29. Catalase had an effect similar to rh-p29 eliminating 95% of the H 2 O 2 (data not 
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phox Enhances NADPH Oxidase Activity 45184 shown). Denatured rh-p29 and catalase had no effect on inactivating H 2 O 2 (data not shown). Thus, rh-p29 exhibited peroxiredoxin activity by two independent assays.
Effect of Rh-p29 on NADPH Oxidase Activity-The association of p67 phox with the rh-p29 protein that exhibited phospholipase and peroxidase activities suggested a possible functional relationship to the oxidase enzyme system. To explore this possibility, the effect of rh-p29 on oxidase activity was measured in the SDS-activated cell-free NADPH oxidase system. In this system, we combined recombinant Rac1, p67 phox , and p47 phox with neutrophil plasma membranes that, in the presence of SDS and NADPH, reconstituted oxidase activity (8) . Addition of rh-p29 directly to the assay mixture and initiation with NADPH had little effect on oxidase activity. However, preincubation of rh-p29 with the recombinant oxidase proteins, p47 phox , p67 phox , and Rac1, with subsequent addition of these to the remainder of the assay constituents and initiation of the system resulted in enhancement of oxidase activity. The optimum effect occurred after 10 min of preincubation (data not shown). Fig. 6 shows activity of this SDS-activated cell-free system. Preincubation with rh-p29 exhibited a concentrationdependent enhancement of oxidase activity with the maximum effect at 0.50 M (Fig. 6, inset) . This was similar to the concentration affording the optimal protection of glutathione synthetase activity in the presence of exogenous H 2 O 2 . As with other activities of rh-p29, denatured protein had minimal effect on the oxidase activity. To exclude the possibility that rh-p29, by itself or in combination with other assay constituents, was reducing cytochrome c directly, we measured O 2 consumption in the SDS-activated cell-free system described above. A similar concentration-dependent enhancement of oxygen consumption was documented with the addition of rh-p29 (data not shown). At a concentration of 0.50 M rh-p29, oxygen consumption was increased nearly 2-fold (plasma membranes ϩ recombinant phox proteins and Rac, 7.1 Ϯ 2.4 nmol/min; mean Ϯ S.E., n ϭ 3; membranes ϩ recombinant phox proteins and Rac ϩ rh-p29, 13.7 Ϯ 3.1 p Ͻ 0.025 paired t test). Concurrent measurement of O 2 . production also demonstrated the rh-p29 effect (plasma membranes ϩ recombinant phox proteins and Rac, 3.8 Ϯ 0.7 nmol of O 2 . /min, n ϭ 4; plasma membranes ϩ recombinant phox proteins and Rac ϩ rh-p29, 8.1 Ϯ 0.6, p Ͻ 0.025 by paired t test). The difference between these results for O 2 . production in comparison with previous studies reflects different plasma membrane preparations used in the two sets of studies.
To determine whether the enhancement had any relationship to PLA 2 activity of rh-p29, we used two classical inhibitors of phospholipase A 2 as well as one specific for the nonclassic calcium independent PLA 2 activity with a low pH optimum (19, 37) . Neither of the classical PLA 2 inhibitors, arachidonyltrifluoromethyl ketone (100 M) nor p-bromophenacyl bromide (20 M), had any effect on rh-p29 enhanced oxidase activity (data not shown). MJ33 (2 M), the inhibitor of the nonclassic PLA 2 , had a minimal inhibitory effect (% inhibition, 17.5 Ϯ 5.9, mean Ϯ S.E., n ϭ 5). These results suggested that rh-p29 affects the NADPH oxidase through its peroxiredoxin activity. 
DISCUSSION
The existence of p29 was suggested initially by experiments that showed that recovery of rh-p67 phox in an enzyme-linked immunosorbent assay was impaired by cytosolic proteins and that this effect could not be accounted for by p47 phox or p40 phox , both of which bind p67
phox . Immunoprecipitation studies with neutrophil cytosol and antibody to p67 phox pulled down several proteins including p47 phox and p40 phox . A constant finding on SDS-PAGE was a dominant protein band at 29,000, a molecular weight that corresponded to a reactivity determined by the B1 antiserum that was instrumental in identifying p47 phox and p67 phox (6) . The interaction between p67 phox and p29 was confirmed using yeast two-hybrid studies. Thus, the p29 could be considered an oxidase-associated protein by virtue of its interaction with the p67 phox . Large scale preparation of this protein band by immunoprecipitation allowed for the determination of the N-terminal amino acid sequence. This sequence matched one that was encoded for by an open reading frame gene (23) . Using reverse transcriptase-PCR and total RNA from neutrophils, we identified a cDNA that was identical to the KI-AAO106 gene, which also matched the sequence of a protein isolated from rat lung with PLA 2 activity (19) . Identification of mRNA for p29 in neutrophils confirms its production in this cell type and suggests that its association with p67 phox is posttranslational. Additional studies identified identical transcripts in HL-60 cells and monocytes (data not shown).
The p29 protein was expressed in Sf9 cells resulting in an rh-p29 that reacted with the antibody to the N-terminal peptide sequence as well as the rabbit B1 antiserum. The rh-p29 had a number of interesting characteristics. The first was PLA 2 activity with a clear-cut substrate preference for PC over PE. In addition, phospholipase activity was optimal at acid pH and did not require Ca 2ϩ . These features are identical to enzyme activity of the protein isolated from rat lung by Kim et al. (19) and a recombinant protein reported by Kang and co-workers (33) . The relevance of this activity to neutrophil function is not clear. Recent studies have documented the importance of PLA 2 activity to the NADPH oxidase (38) . However, the p29 protein appears to have characteristics distinct from the cytosolic PLA 2 found in neutrophils that may exclude it from playing a role in oxidase activity. Given its low pH optimum, rh-p29 could have microbicidal activity in the acidic environment of the phagolysosome. Further studies are required to explore physiologic relevance of this PLA 2 activity.
A more intriguing function of p29 for the neutrophil oxidase may be its peroxiredoxin activity. Thioredoxin peroxidases are a new, recently described class of peroxidases (34 -36, 39) . FIG. 5 . Peroxiredoxin activity of rh-p29. A, protection of glutamine synthetase activity by rh-p29 as described under "Experimental Procedures" was concentration dependent (circles or bars represent mean Ϯ S.E. for 4 -12 separate experiments; * denotes difference p Ͻ 0.005 from value without proteins added by Student's t test). Catalase (20 g/ml) also protected glutamine synthetase. Denatured (DEN) rhp29 (0.30 M) and catalase (20 g/ml) were not protective. B, inactivation of H 2 O 2 by rh-p29 was measured as described under "Experimental Procedures." Addition of rh-p29 decreased the amount of H 2 O 2 in the assay in a concentration-dependent manner (*, different from no protein added, p Ͻ 0.005). These proteins usually contain two essential cysteines and reduce H 2 O 2 with electrons from thioredoxin. Peroxiredoxins are homologs of thioredoxin peroxidase, have only one conserved cysteine, and reduce electrons provided by DTT (33) . Rh-p29 exhibits a close homology to peroxiredoxins found in a variety of organisms including yeast. The recombinant p29 exhibited peroxiredoxin activity in two systems. First, rh-p29 protected glutamine synthetase activity from H 2 O 2 degradation to an extent comparable with catalase. In addition, rh-p29 directly inactivated H 2 O 2 in a system requiring DTT as an electron donor. Again, this activity was comparable with catalase. Thus, by both amino acid sequence and activity, rh-p29 has characteristics of a peroxiredoxin. The relevance of rh-p29 to neutrophil function may be reflected in its enhancement of oxidase activity. Assembly and activation of the oxidase enzyme complex is critical for efficient killing of certain microbes (2) . Peroxiredoxins are a newly defined, widely identified family of proteins catabolizing peroxides without metal, flavin, or heme groups. One member of the family, ahpC, found in Salmonella typhimurium may provide resistance to toxic oxygen metabolites (40) . Peroxiredoxins are found in mammalian cells and provide a similar function (36) . Targets for damage to the oxidase are multiple, and the process could involve any of the components of this enzyme system including Rac. Recent evidence indicates that low concentrations of reactive oxygen species including H 2 O 2 may function as intracellular second messengers (41). By modulating levels of H 2 O 2 , peroxiredoxins could act as signal modulators. In neutrophils, protection against oxidants is afforded by the glutathione redox cycle, superoxide dismutase, and catalase. The p29, by virtue of its binding to p67 phox and peroxiredoxin activity, could protect the oxidase complex from its own toxic oxygen metabolites or function as a modulator in signaling pathways.
